Quasi-particle excitations in graphene exhibit a unique behavior concerning two key phenomena of mesoscopic physics: electron localization and the quantum Hall effect. A direct transition between these two states has been found in disordered two-dimensional electron gases at low magnetic field. It has been suggested that it is a quantum phase transition, but the nature of the transition is still debated. Despite the large number of works studying either the localization or the quantum Hall regime in graphene, such a transition has not been investigated for Dirac fermions. Here we discuss measurements on low-mobility graphene where the localized state at low magnetic fields and a quantum Hall state at higher fields are observed. We find that the system undergoes a direct transition from the insulating to the Hall conductor regime. Remarkably, the transverse magneto-conductance shows a temperature independent crossing point, pointing to the existence of a genuine quantum phase transition.
I
n two dimensional (2D) electron systems with an arbitrary weak elastic disorder, the scaling theory of localization predicts that at zero temperature all electron states are localized, resulting in an insulating system 1, 2 . The transition from the high temperature regime characterized by a metallic behavior to the insulating one is still debated for 2DEGs 3 and is even more controversial for graphene, where the relativistic nature of the excitations should hinder localization, at least for certain types of disorder 4 . Nevertheless, experiments show that in the presence of intervalley scattering, electrons in graphene are subject to localization, with a crossover from strong localization 5 to weak localization 6 behavior when the localization length j increases far beyond the phase coherence length L w . The application of a perpendicular magnetic field can lead to the emergence of criticality in 2D disordered systems. At low field it increases the localization length by breaking the time reversal symmetry, it can therefore suppress localization. At high magnetic fields Landau levels are formed, with extended states near the band centers, which can account for electron transport in the quantum Hall (QH) regime. They also bring into play a new length scale, that is the magnetic length l B~ffi ffiffiffiffiffiffiffiffi ffi h=eB p^2 6 ffiffiffiffiffiffiffiffi ffi B T ½ p nm, here B is the magnetic field. Electron localization induced by disorder is also a key component of the QH effect, notably accounting for the finite width of the transverse magnetoresistance plateaus, and its role has been recently addressed in literature for graphene 7, 8 . Here we discuss its relevance for the insulator-to-quantum Hall conductor (Ins-QH) transition at low field, where graphene proves itself as an ideal tool due to the robustness of Landau levels with respect to both disorder and temperature, arising from the large cyclotron gap DE c~vF ffiffiffiffiffiffiffiffiffi ffi 2e hB p . The high field case has also been discussed in litterature 9 . The peculiarity of our samples is evident if we compare the Drude mobility of the graphene, where a fully developed QH effect was found, on the order of few hundred cm .
Results
Graphene characterization. The two epitaxial graphene films that are used in our magneto-transport experiments were grown by thermal decomposition of SiC 16, 17 and are mostly monolayer, with only a small fraction of bilayer, as evidenced by X-ray and angle-resolved photoemission spectroscopy (XPS/ARPES) measurements, shown in Fig. 1a (see also Methods and Supplementary information). One of the graphene films was exposed to molecular oxygen prior to the nanofabrication 18 . despite disorder a crystalline graphene film is formed. These relatively low carrier concentrations (for epitaxial graphene) are required for observing the QH effect at accessible magnetic fields, on the order of several teslas. The presence of disorder is evidenced by contribution of the D band in the Raman spectra (Fig. 1b) . The disorder in our samples is partially due to graphene edges and small fraction of bilayer. Since they both induce valley mixing, they favor localization at low temperatures. We used standard e-beam lithography, metal deposition, and dry etching to produce Hall bars with a large central region of 50 3 50 mm 2 . A micrograph of one finished Hall bar is sketched in Fig. 1c , together with the principle of a Hall measurement.
Magneto-transport measurements: weakly disordered sample. In Fig. 2 we present the longitudinal and the transverse magnetoresistivity of the Hall bar S1, measured during the first cooldown of the sample. The data are recorded as a function of the applied perpendicular magnetic field for different temperatures, covering almost two orders of magnitude, from 1.6 K up to 100 K. The peak in the longitudinal resistivity r xx at zero field is a manifestation of weak localization attesting the presence of significant valley mixing 5, 19, 20 and its large width of about 1 T is an indication of a short localization length. In such disordered samples, it turns out to be difficult to separate the Drude, weak localization, and the electron-electron contributions 21, 22 . While an accurate fit of the weak localization has proven to be challenging, the estimated phase coherence length L w < 70 nm at T 5 1.6 K is close to typical values reported for graphene with short range disorder 5 . We also notice that the standard weak localization formula for graphene 19 may not be fully justified because the inter-valley shortrange scattering seems to dominate over the intra-valley scattering. At high magnetic fields, r xx decreases when the temperature is lowered because of the onset of Landau quantization. This is confirmed by the behavior of the Hall resistivity r xy , which becomes highly nonlinear for large B, following the drop of r xx , as expected before the appearance of a quantum Hall plateau. At low magnetic fields, the transverse resistivity r xy varies about linearly. The kink in r xy around zero field, which develops when the temperature is decreased, is due to a geometrical contribution of r xx on r xy (see Supplementary). It also leads to an apparent shift from zero of the r xy curves crossing point. The sample gradually evolves from a more localized state towards the relativistic quantum Hall regime [23] [24] [25] . However, we do not find indications of a direct Ins-QH transition such as a temperature independent fixed point in the magnetoconductivity. This may result from the suppression of localization before the onset of the QH effect.
Direct Insulating to QH transition: strongly disordered sample. Consistent with this scenario, we find that the behavior is different for more disordered samples with lower carrier concentration. Here localization effects are more robust and Landau quantization develops at lower fields. In Fig. 3 we plot both the longitudinal and the Hall resistivity recorded at different temperatures, for two graphene Hall bars. The two data sets in Fig. 3 refer to sample S1 (Fig. 3 a-b ), but when measured on a second cooldown, and to sample S2 (Fig. 3 a-b) . The graphene film used for the latter was exposed to molecular oxygen prior to the Hall bar fabrication 18 . This treatment favors the observation of a direct Ins-QH transition. It decreases the carrier concentration of graphene and could enhance the number of short-range defects responsible for intervalley scattering 26 . Both samples exhibit the same qualitative behavior, the r xx curves, which shows negative magnetoresistance as observed in disordered graphene in Ref. 27 are strongly affected by temperature and, remarkably, they all cross at a well-defined and T-independent magnetic field B c1 . Such a critical point suggests the existence of a zero-temperature quantum phase transition. Actually, at this field the sign of the temperature coefficient of the resistivity changes, identifying two regimes, a low-field insulating regime where the resistivity increases rapidly with decreasing temperature and a (a) Longitudinal magnetoresistivity measured during the first cooldown, for temperatures between 1.6 and 100 K. At low temperature the weak localization peaks develops. In this localized regime, resistance increases when decreasing the temperature. At higher fields the sign of the magnetoresistance depends on temperature: at low T the resistivity drops towards zero, indicating Hall effect, while at high temperature the magnetoresistivity has the opposite sign. (b) Hall resistivity, the kink around zero is due to the magnetic-field-symmetric term arising from a geometrical r xx contribution. At higher fields r xy becomes nonlinear anticipating the Hall plateau at u 5 2. The nonlinearity increases strongly as the temperature decreases. In the inset a large B-sweep corresponding to the lowest temperature is shown. quantum Hall regime at high fields, where the resistivity diminishes when T is decreased. The formation of a quantum Hall state at high fields is evidenced by the vanishing longitudinal resistivity and by the plateau on the Hall resistivity at a value h/2e 2 . We now focus on the data measured on device S2, since it displays a higher resistivity at zero field, suggesting a more localized state, and a better quantization of the Hall plateau. We start by estimating the carrier concentration n 5 1.2 3 10 12 cm 22 from the low-field Hall resistivity at 22 K, where localization and electron-electron interaction effects are less important. From the value of r xx , still at 22 K, almost constant, equal to 10 kV, over 3 T-field range below B c1 where localization effects are further reduced, we also estimate the Drude resistivity r D < 8 kV, by subtracting a small <2 kVcontribution r ee from the electron-electron interaction 28 . The value of this contribution r ee~f B,r D ,F s 0 ,c À Á |ln k B Tt tr = h ð Þcan be calculated with the number of multiplet channels participating in the interaction reduced to c 5 3 by the strong intervalley scattering, the Fermi-liquid constant F s 0 , which is the interaction parameter, equal to 20.1, as usually reported in literature for graphene 21, 29, 30 , and t tr 5 l tr /v F the transport time deduced from r D . The consistency of the values calculated for r ee and r D was checked a posteriori. The transport scattering length calculated from the Drude resistivity, which does not include localization effects, is short, as we find l tr~h = 2e 2 r D ffiffiffiffiffi ffi pn p ð Þ15 nm. The Drude mobility is m 5 1/r D ne 5 860 cm 2 /Vs. The graphene zero-field resistivity r B~0 xx of the order of h/e 2 at low T, much larger than its Drude value of 8 kV, indicates that quantum interferences are a dominant feature in electron transport, leading to a strong localization at low T. This is confirmed by the small value of the localization length j , 50 nm estimated using the relation j~l tr exp h e 2 r B~0 xx À Á 5, 31 . Interestingly, X si appears very close to the transport length l tr . All these features indicate a stronger localization of electrons at low magnetic field than in the first cooldown of sample S1, with the insulating behavior of localized states in 2D graphene being manifested by the high value of the resistivity at zero magnetic field and its strong temperature dependence. The appearance of the plateau at Landau level filling factor near n 5 nh/eB 5 2 in the high field Hall magnetoresistance is also important. It confirms that despite the low mobility, the Landau levels are sufficiently quantized to still manifest the chiral Dirac fermions character in the magnetotransport measurements. While not exactly identical to the ratio of the cyclotron energy separating the Landau band centers to the disorder broadening of the bands themselves, the classical quantity v c t tr , with v c the cyclotron pulsation, is commonly used to estimate the magnetic field where Landau level quantization becomes sensitive considering that at this point v c t tr 5 1. To some extent, this criterion should also apply to determine the critical magnetic filed of the Ins-QH transition. However, for samples S1 (second cooldown) and S2, the transition occurs at B S1 c1~3 :3 T and B S2 c1~5 :2 T respectively, for v c t tr 5 0.2 and 0.34 respectively, with v c~e Bv F = h ffiffiffiffiffi ffi np p . Even if the transition is frequently observed for v c t tr , 1 in disordered 2DEGS 11, [13] [14] [15] 32 , the very low v c t tr value found in those graphene samples at the transition is remarkable. This could be attributed to the anticipated onset of the robust graphene quantum Hall effect at v c t tr =1 which requires an in-depth study, notably because it is also an asset for certain applications, such as the quantum Hall metrology 33 . More generally, the occurrence of the Ins-QH transition at magnetic field lower than expected also questions the relevance of the criterion v c t tr 5 1 to determine the position of this transition. It is worth noting that, near the magnetic field B c1 , the magnetic length l B , for example equal to 11.5 nm in S2, is close to our estimation of the localization and the transport scattering length. This confirms l B , X si , l tr are a meaningful T-independent criterion to estimate the position of the Ins-QH transition.
Discussion
The crossing point in the longitudinal magnetoresistance has already been interpreted as the signature of a QPT in 2DEGs. Such interpretation has been questioned by Huckestein 34 , who proposed a scenario with a smooth crossover due to the suppression of weak localization. Electron-electron interaction and weak localization corrections to the longitudinal conductivity in cleaner samples can also www.nature.com/scientificreports originate a fixed crossing point in the longitudinal resistivity due to the conductivity/resistivity tensor conversion. However, in our experiments the strong nonlinear character of r xy which anticipates the fully developed n 5 2 plateau at high fields proves that Landau quantization is already important at fields as low as 3 T, much smaller than the crossing point field B S2 C1~5 :2 T, suggesting that the QHE is a key ingredient of the transition observed. It has been suggested that a stronger indication of the QPT could be obtained by the analysis the magnetoconductivity data 35 , which are linked to the resistivity by the relations s xx~rxx . r . The main advantage here is that the transverse conductivity s xy is not affected by electron-electron interaction corrections. In addition, in the scaling theory of the QHE, these are some values of s xy which behave as fixed points under renormalization 36 . Magnetoconductivity curves for sample S2 are plotted in Figure 4 . The shift in the longitudinal conductivity (Fig. 4a) reveals the presence of electron-electron interactions. The presence of a T-independent crossing point in the transverse magnetoconductivity (Fig. 4b) which is observed at a field B C2 5 4.5 T close to B S2 C1 , strongly hints to a quantum phase transition. In addition, such a fixed point on s xy (B) has been observed on sample S1 (second cooldown) which is claimed to undergo a direct Ins-QH transition, and not in the first cooldown when a gradual crossover occurs.
It is therefore tempting to analyze our data near the critical point using the scaling theory of the quantum Hall effect 37 , which is known to capture the physics of the delocalization-localization transitions in both 2DEGs and graphene. The divergence of the localization length is described by a power law j / (E 2 E c )
2c
, where E c is the energy of the delocalized state at the center of the Landau level. The exponent c is not easily accessible, but is linked to the parameter k 5 p/2c, where p, usually taken to be 2 for graphene 2 , describes the temperature dependence of the phase coherence length L w / T 2p/2 . The critical exponent for the Ins-QH transition k can be extracted from magnetoconductivity data which are expected to scale with temperature according to / T 2k at the critical magnetic field 11, 14 . In the case of sample S2, k was simply extracted from the linear fit of the ln(ds xy / dB) versus ln(T) plot at B C2 , as shown in the inset of Fig. 4 b. The data follow the expected linear relation, and k, equal to the slope of the fit was found to be 0.26 6 0.03. This experimental value of k is in good agreement with what is reported for more conventional 2DEGs, in the case of spin-degenerate Landau levels and dominant short-range disorder, for the Ins-QH transition 11, 14 , as well as for QH plateau to QH plateau transitions 2, 36, 38 . This seems to suggest that the low-field insulator to QH transitions, QH to QH transitions and QH to highfield insulator transitions belong to the same QPT universality class.
Thus, we have shown that for low-mobility graphene with resistivity on the order of h/e 2 a direct transition between a localized and the quantum Hall regime is induced by the magnetic field. Analysis of the magnetoconductivty hints to a genuine quantum phase transition, rather than a simple crossover. The transition can be described by a scaling law with a critical exponent of 0.26. Thanks to its large cyclotron gap, robust to strong disorder graphene is the material of choice for the study of the Ins-QH transition. Such a study could unveil new aspects of the metal-insulator transition in two-dimensional systems due to the relativistic nature of graphene carriers. 
